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INTRODUCTION
Road pricing can be used as a tool to reduce demand for travel when and where that is thought to be beneficial. It has some important advantages over other ways of reducing demand. By adding a toll to the cost of a trip, it removes just those trips that travellers themselves think are not worth the toll. So tolling ensures that the least beneficial trips are reduced first with drivers themselves assessing the benefits of their trips. Tolling allows the individual decisions about whether, when and where to travel to remain decentralised. A toll equal to the total cost of delay imposed on other drivers by one additional car, the marginal external congestion cost, ensures that the socially optimal level of congestion results. 1 Exactly those trips are then carried out that are worth the full cost. The toll payment is a loss for drivers, but the money does not disappear. The cost to drivers who choose to pay the toll is offset by the gains of those who receive the payment. 2 Overall, the gain from pricing congestion can be considerable.
An obstacle to the introduction of road pricing is the fact that all drivers have to pay in order to deter the least beneficial trips. This transfer from drivers is only fully compensated by reduced travel times in some special circumstances. Drivers as a group will therefore tend to loose when the use of the revenues from road pricing is not taken into account.
The efficient toll is in effect a price on time. It reflects the value of the delays an additional driver imposes on other drivers. To design an efficient toll the first requirement is then to find the value of travel time (VTT). 3 This leads to the concept of generalised travel cost (GTC) that includes both monetary and time costs. For a certain trip, the GTC may be calculated as the monetary costs of the trip plus the duration of the trip times the VTT; in symbols t c GTC    , where c is the monetary trip cost, t is the travel time and  is the VTT.
Armed with an estimate of the VTT, the basic idea behind congestion pricing is simple: A supply curve relates traffic volume to delay. This can be used to compute the increase in travel time resulting from an additional car. Multiplying the increase in travel time by the traffic volume, the demand, yields the total delay caused by an additional car. Next, multiplying by the VTT yields the associated marginal external cost of congestion. A demand curve relates traffic volume to GTC . This can be used to find the efficient toll which is equal to the marginal external cost of congestion when the toll is implemented.
The point of this paper is to present an overview of what happens when one opens the door for some of the complications that are present in the real world.
The first complication is that travellers are not identical. On the contrary, they seem to be very heterogeneous. The evidence indicates that the VTT in a population can easily range over several orders of magnitude. There is variation in the VTT among individuals. There is even variation for the same individual depending on the exact context of a trip. The paper explores some consequences of this heterogeneity.
The second complication is that travel time is not a deterministic function of traffic flow. Travel times increase on average as flow approaches capacity. Inherent randomness in traffic conditions also gains importance and causes travel times to become more variable and less predictable. The associated cost is significant in comparison to the cost associated with the average travel time.
The third complication is that the relationship between traffic flow and travel time is not simple. There are important dynamics that must be taken into account. It is important to recognise that congestion is time specific. At any location there is sufficient capacity to allow traffic to flow, if only it was equally distributed over time. 4 Congestion occurs largely because people tend to want to travel at the same time. It is therefore important to recognise that the time of travel is a choice and that congestion is about time-specific preferences: scheduling preferences.
The fourth complication is that actual tolling systems are imperfect approximations to efficient tolls. For example it may only be possible to toll some links or it may not be possible (or desirable) to achieve the theoretically optimal spatial and temporal differentiation of tolls. Some implications of such limitations are explored.
Finally, tolls cannot be evaluated in isolation from the economy in general. In particular, commuting, a large part of private travel, is complementary to working. Hence the interaction of tolls with the labour market and labour income taxes must be considered. Section 2 reviews the standard textbook analysis of tolls. Section 3 considers some implications of the fact that travellers are heterogeneous. Section 4 discusses issues that result since congestion also causes travel times to become variable and unpredictable for travellers. Section 5 discusses the need for a sophisticated understanding of the dynamics of the transport system. Section 6 discusses second-best issues related to constraints on the design of road pricing schemes and interactions with the wider economy. Section 7 concludes.
THE STANDARD TEXTBOOK ANALYSIS
From an economist"s perspective, the core problem of congestion is not that there is congestion but that there is too much of it. It is not congestion itself that is the problem, but the associated externality. Each driver takes only his own costs into account when deciding whether to travel. The individual will choose to drive when his benefit of doing so outweighs his cost of travelling such that he receives a personal net gain. However, he does not take into account the delay he imposes on others. When that delay is large then the trip entails a net loss. There is thus a potential gain that can be found if traffic can be reduced in such a way that only those travel whose personal gain from travelling outweighs the delay imposed on others.
A static model
The standard analysis under simplifying assumptions is presented in the following figure. The horizontal axis is the traffic volume; the vertical axis is the GTC . The curve S  is the supply curve. The supply S is the travel time as a function of traffic volume; this is multiplied by the VTT  to convert travel time to monetary cost. 5 The supply curve is increasing to reflect a situation with congestion. It will generally be convex. All travellers experience the same travel time and hence the supply curve can also be understood as an average cost curve. The curve MC indicates the marginal cost. It is the change in total cost arising from an additional traveller. When the supply curve is increasing, the marginal cost curve will always be increasing, have a larger slope and lie above the supply curve. The demand curve is decreasing to reflect that demand decreases in price. The market equilibrium occurs at the intersection of the demand curve D with the supply curve S  , at the point b. The marginal traveller at this point faces a cost corresponding to the line segment a-b and a corresponding benefit of the same size. The group of travellers as a whole, however, have a cost associated with the marginal traveller given by the MC curve. For the marginal traveller at point b, this cost corresponds to the line segment a-c. So the last traveller imposes a net loss corresponding to the line segment b-c on the group of all travellers. The loss is zero at the point d where the MC curve crosses the demand curve. The total loss is then represented by the shaded triangle b-c-d on the figure. The optimal toll implements the equilibrium at the point d.
Expressed symbolically, the marginal external cost of congestion (mecc) is
. This arises since the total cost given realized demand D is
, and the mecc is the difference between the marginal cost and the average cost.
We shall refer to this analysis as the "simple static analysis". It is useful as a basis for discussing more complicated models that take more aspects of reality into account.
A dynamic modelthe bottleneck model
The static analysis ignores the trip timing aspect of travel demand. Time is regarded merely as a resource of which a traveller can consume more or less, whereas in reality time at 8 AM is different from time at 9 AM. As has been noted, congestion arises because travellers prefer to travel around the same times. If they could be spread evenly over time, there would be no congestion. Moreover, congestion is inherently dynamic, since adding a vehicle to a queue at some instant will affect the evolution of the queue until it is gone. These aspects are captured in the bottleneck model [1, 36] , which describes the time dimension more explicitly. This model generates a number of important insights regarding the pricing of congestion. A main insight is that large efficiency gains may be found through the effect of pricing on trip timing.
In the simplest incarnation of the bottleneck model, travellers are viewed as homogenous with VTT  . They have a common preferred arrival time * t and prefer not to be early or late at the destination relative to this time. The cost of earliness is usually denoted by  and the cost of lateness by  and the generalised travel cost is then
. This specification of scheduling preferences was introduced by Vickrey [36] and later by Small [28] in a different context. 6 A total of D travellers have to pass through a bottleneck in order to reach their destination. The bottleneck has a limited capacity of  users per minute. Assume for simplicity that travel time is zero before and after the bottleneck. Then the first traveller, departing at time 0 t also arrives at the destination at this time, since there is no queue yet at this time. Denote the cumulative arrival rate at the bottleneck by R. Then   0
. Let the time of the last departure be 1
The model assumes an equilibrium where no traveller can reduce his cost by changing departure time. This implies first that there is always queue during the interval   1 0 ,t t and second that the queue is exactly gone at time 1 t , such that
. Third, equilibrium requires that the GTC is constant over the interval where travellers depart and higher outside. A queue builds up immediately as the first traveller departs, since travellers initially depart at a higher rate than capacity. The queue has maximum length at the departure time when a traveller would be at the destination exactly at the preferred time * t . From that point, the departure rate is lower than capacity such that the queue gradually dissipates and the queue is exactly gone at the time of the last departure. This is illustrated in Figure 2 . The first and last travellers experience no queue in this model. The first traveller is early at the destination while the last traveller is late. They incur the same GTC in equilibrium, which implies that
. This fixes the interval   We may regard the number of travellers D as being a function of the equilibrium generalised travel cost. Then connecting the bottleneck model with the simple static analysis, we would find that the optimal static toll is equal to the mecc. This toll would not remove congestion. The number of travellers would be reduced by the toll, but there would still be a
This static toll does not vary over time. It is the same for all travellers, regardless of when they arrive at the bottleneck. It is hence only optimal if the toll must be constant over the day. It is possible to do better by letting the toll vary over time. The optimal time-varying toll is zero at time . It increases until the preferred arrival time * t , then it decreases again, until it is zero at time 1 t . The average toll is equal to the optimal static toll. The optimal time-varying toll does remove congestion completely, since it ensures that travellers arrive at the bottleneck exactly at the rate  , which is the bottleneck capacity.
HETEROGENEOUS TRAVELLERS
Where the simple analysis assumes that users are heterogeneous, it is clear that in reality users are heterogeneous. This section explores first the measurement of heterogeneous VTT, and second the consequences of heterogeneity of the VTT for the optimal congestion charge.
Measurement of heterogeneous VTT
How can the VTT of travellers be inferred? If a traveller has a choice between two options for making a trip, where one is faster but more expensive than the other, then the traveller faces a trade-off between money and time. Assume that travellers have a generalised cost of a trip expressed as GTC = C + αT, where C is the monetary cost of the trip, T is the travel time, and α is an individual specific VTT. The difference in GTC between two trip options for a traveller with VTT equal to α is GTC = C + α T. Holding everything else constant, travellers with α < -C/T will choose the slow option while travellers with α > -C/T will choose the fast option. The trade-off thus entails an implicit price of travel time, namely v = -C/T. Through his choice, the traveller reveals whether his VTT is larger or smaller than the trade-off price, i.e. whether α < v or α > v.
Label by  the cumulative distribution function describing the distribution of the VTT among users. Observing many travellers at a trade-off price v allows assessment of the share of travellers with α < v. This share is the cumulative distribution evaluated at the point v, i.e. (v). Observing travellers in different choice situations with different v allows assessment of  over the range where v varies. To assess  completely, it is necessary to observe choice shares for values of v ranging from a point where travel time is cheap and all travellers choose the fast and expensive option to a point where time is expensive and all travellers choose the cheap and slow option. 7 In general, revealed preference data are preferable by virtue of relating to real choices where travellers actually feel the consequences of their choices. Suitable revealed preference data could come from situations where travellers face a choice between a slow and cheap route and a fast and expensive route. A notable example is routes combining free access regular freeway lanes with tolled express lanes [31] . It is however often difficult to achieve the necessary variation in the price of time needed to reveal the distribution of the VTT. This is a reason for relying on stated preference data, where travellers make choices between hypothetical options. It is possible to construct stated preference choice situations to meet many of the demands of econometric modelling. Stated preference data are, however, tainted by doubt whether they represent actual behaviour well. Figure 3 shows an estimate of a VTT distribution obtained from stated preference data [12] . 8 The shape is broadly typical of many studies. It shows a right-skewed distribution with many travellers having low VTT and few travellers having large VTT. The median VTT is about 25 DKK/hour while the mean is considerably larger.
This estimate of the cumulative distribution of the VTT does not show the maximum of the VTT distribution. The largest trade-off price of time that was offered to respondents in the SP exercise was about 200 DKK/hour. A significant share of respondents, about 15%, indicated that they were willing to pay this amount per hour of travel time saved and hence that their VTT was higher than 200 DKK/hour. How much larger is impossible to say based on the figure. It is not possible to calculate the mean VTT without information about the right tail of the VTT distribution. Such information can be found using data that allows the right tail to be observed. Otherwise it is necessary to resort to more restrictive assumptions, which may be hard to justify. One popular approach is to assume a specific form for the VTT distribution. The resulting estimate of the mean VTT is extremely sensitive with respect to such an assumption [12] .
It is clear that there is enormous variation in the VTT with several orders of magnitude from low to high. The VTT depends on observable factors. It is generally found to increase with income but the size of the income elasticity is debated. The VTT is generally thought to vary substantially between individuals but also within individuals depending on the context. In general, a large part of the variation in VTT remains after controlling for observable factors. E.g., Fosgerau [12] controls for gender, income, trip duration, time difference between alternatives, share of delay time due to congestion in travel time, age and trip purpose, and finds that the remaining variation in VTT has more than a factor 50 between the 20% and 80% quantiles.
Road pricing with heterogeneous travellers
Consider now a situation where the population of potential travellers differ in their VTT. Groups of travellers are indexed by their value of travel time α. The group with VTT α has a demand function D(p(α)| α), where p(α) =  + α t is the generalised cost for travellers α. The aggregated demand function is then D = E(D(α)), the average over groups of travellers. The average VTT in the population is E(α). This is not the same as the average VTT of those who actually travel, which is the weighted average
, then the change in travel time resulting from the marginal traveller is S"(D). Multiplying this by the number of travellers and by the average VTT among travellers indicates the marginal external cost of congestion. That is
This shows that the difference from the case of homogenous travellers is the VTT used to compute the marginal external cost of congestion. There is just a single VTT in the case of homogenous travellers. With heterogeneous travellers, this single VTT is replaced by the average VTT in the group of actual travellers. Hence the mecc depends in general on the toll, since introduction of a toll will change the composition of travellers and this affects the average VTT of road users. This effect may be large. Consider a case where the VTT in the population follows a standard lognormal distribution. Then the mean VTT is E(α)  1.65. Imagine now a toll that causes a reduction in traffic of 10% and that it is those travellers with VTT above the 10% quantile that remain. Their average VTT is then about   1.81, which represents an increase of about 10%.
A toll will discourage some from travelling. If travellers with low VTT are discouraged more, as might be expected, then the average VTT  increases with the introduction of a toll. Then the optimal toll will be larger when travellers are heterogeneous than when they are homogenous. 9 We are not aware of empirical evidence concerning the likely size of this effect. It is reasonable to suppose that the effect is noticeable, since the distribution of VTT is generally thought to have a shape similar to that presented in Figure 3 with many travellers having a relatively low VTT.
Consider still the situation with heterogeneous travellers and imagine that the optimal toll
is in operation. Imagine then that road capacity is split in two halves and that travellers have to choose which part of capacity they want to use. Then they will divide equally on the two parts of capacity. If the toll is increased slightly on one part of capacity, then demand will decrease slightly there and shift to the other part or stop travelling on either part. Then the first part will be faster but more expensive than the other part. This will cause rational travellers to sort, such that those with the VTT above some threshold will use the first part and those with the VTT below the threshold will use the other. As a consequence, the average VTT is high on the first part and low on the second. Then the toll can be raised on the first part and reduced on the second part to produce a net welfare gain.
Verhoef & Small [35] consider differentiated tolls in a static network with serial and parallel links and with heterogeneous users . They are particularly concerned with second-best policies whereby only a part of the network is tolled. Such policies, they find, are in danger of loosing much of their potential effectiveness if heterogeneity is ignored when setting toll levels. Ignoring heterogeneity in VTT may cause the welfare benefits of second-best policies to be drastically underestimated.
A real-world counterpart to such examples is value pricing as implemented various places in the US. In these schemes, drivers can choose between free but congested lanes and tolled but less congested lanes. Clearly, as shown by Small & Yan [29] , heterogeneity is important for assessing the welfare impacts of such policies as drivers with high VTT may be expected to choose the tolled lanes.
Pricing is not the only means to increase the efficiency with which existing road capacity is used. A recent paper [9] shows that there are unexpected benefits from car pool lanes that do not have to do with pricing. The benefit arises because the car pool lanes reduce disruptive vehicle lane changing. Even a severely underused carpool lane can in some instances increase a freeway bottleneck's total discharge flow. 10 In a dynamic setting there can be benefits from differentiation, even with homogenous travellers and without pricing. Ongoing research (Fosgerau & de Palma) uses the bottleneck model to analyse a situation in which travellers are arbitrarily divided into groups. The immediate cause of congestion in the bottleneck model is that travellers initially depart at a rate that is higher than capacity. Congestion is reduced by a toll that makes travellers decrease the initial departure rate. This effect may be induced in other ways. One way is to divide travellers into, say, two groups. A more than proportional share of capacity is allocated to the first group. The second group can use the remaining capacity. The second group can also use the share of capacity allocated to the first group when the first group is not using it. The first group would find a new equilibrium where departures occur during a shorter interval of time and would hence experience a cost reduction relative to the situation without grouping. The cost of the second group would not increase since it is determined by the length of the interval during which departures take place and this is unchanged relative to the situation without grouping.
TRAVEL TIME RISK
Increasing travel demand leads to congestion and increasing travel times. As demand approaches capacity, travel times also become increasingly variable and unpredictable for users. This travel time variability (TTV) may add significantly to the generalised travel cost. Figure 4 shows a scatter plot of the standard deviation of travel time against the mean travel time for a congested urban road with a distinct morning peak. Each point on the plot corresponds to a time of day. The numbers have been computed using data covering a period of three months. Both the mean and the standard deviation are small in the morning. The mean and standard deviation increase and then decrease over the peak. The standard deviation peaks later than the mean, indicating that there is not a constant relation between the mean and the standard deviation. This creates the loop that is evident on the figure. It is a characteristic pattern that has been observed many times. 11 An implication is that the mean and the standard deviation of travel time must be accounted for separately.
The definition of GTC must be extended in order to account for the cost associated with travel time variability. Some authors have simply added a term to the definition of GTC to reflect the increase in cost due to TTV. For example using ,
where X is some measure of TTV. Various measures of TTV have been employed such as the standard deviation or the variance of travel time or a range between two quantiles [31] . Studies have then proceeded to estimate a value  of X based on revealed or stated preference data. This is however not a completely satisfactory solution without some arguments to indicate why one measure of TTV should be preferred to another. The problem is complicated since a travel time distribution is a shape rather than a number. Figure 5 shows an example of a travel time distribution. There are (infinitely) many possible such shapes and they cannot be described completely by a few numbers. At this point it can be noted that all measures of scale are essentially equivalent when the shape of the travel time distribution is constant. In this case, the standard deviation is proportional to the range between any two given quantiles. A change from one scale measure to another is then reflected in an inverse change in the value of TTV given by .
Intuitively, the cost associated with TTV is related to scheduling considerations. Compare two situations, one in which travel time is variable and one in which it is constant. The mean travel time is the same in both situations. Travellers have to decide when to embark on a certain trip. When travel time is constant, travellers choose an optimal time of departure which is directly associated with an optimal time of arrival at the destination. Faced with TTV, travellers may embark on the trip earlier than they otherwise would have. On average they will therefore arrive earlier than otherwise. Sometimes they arrive later than they would have chosen with constant travel time.
To make this more formal, economic theory generally assumes that travellers have preferences that encompass scheduling considerations regarding when they depart from the origin of the trip and when they arrive at the destination. Travellers are pictured as knowing the travel time distribution and choosing the departure time optimally. A specification of scheduling preferences then leads to a relationship between the travel time distribution and the GTC. This relationship is not in general tractable and there is generally no obvious candidate for defining a measure of TTV. There are however a few special cases, where simplifying assumptions enable a simple measure of TTV to be defined. Fosgerau & Karlstrom provide an example of a congested urban road in Copenhagen where the cost of TTV comprises about 15% of the time cost to travellers. Including TTV in the GTC is likely also to lead to an increased estimate of the mecc. This is because TTV tends to increase with demand just as does the mean travel time.
There is thus a basis for including a measure of the scale of the distribution of travel time as a measure of TTV. Given estimates of the scheduling parameters and the shape of the travel time distribution it is possible to calculate the contribution of TTV to the GTC. It is not necessary to know the preferred arrival time of travellers since this does not appear in the GTC when the departure time is optimally chosen.
While the Fosgerau-Karlstrom result has some advantages for application, there are also some drawbacks. First, the value of TTV depends on the shape of the travel time distribution. It may therefore vary across different contexts. It still remains to gather sufficient empirical evidence to be able to judge whether this is a serious drawback in practice, given that there are many other uncertainties and approximations in play.
Second, the result does not apply to scheduled services. The issue is that users of scheduled services are, by definition, not able to choose their departure time freely. Therefore they are not able to choose the optimal departure time as required by the Fosgerau-Karlstrom model.
Third, the scale of the travel time distribution can be hard to compute in networks comprising many links. This is not an issue with the mean travel time, since the mean travel time may be computed at the link level and then summed over links to obtain a trip level mean travel time. The standard deviation is not additive in this way and so the GTC cannot just be computed at the link level and summed.
In a broader perspective, it is important that the specification of scheduling preferences is consistent with empirical evidence. The Vickrey/Small specification of scheduling preferences entails the prediction for an individual traveller that an isolated increase in travel time will cause a proportional change in departure time that leaves the arrival time unchanged. An isolated increase in the standard deviation of travel time would lead to earlier departure and earlier arrival on average. This may or may not be an adequate description of actual behaviour.
There is an alternative formulation of scheduling preferences that also leads to a tractable expression for the value of TTV. It is based on a less known paper by Vickrey [37] in which he defines scheduling preferences in terms of time-varying utility rates at the origin and at the destination of the trip. The traveller receives utility at some rate specific to the trip origin until he departs. When he arrives he begins receiving utility at a rate specific to the destination. The cost of the trip is an opportunity cost associated with the foregone utility at the origin or at the destination. When the utility rate at the origin is decreasing and the utility rate at the destination is increasing, then there is a time at which the individual would optimally travel from the origin to the destination. This view of scheduling preferences is attractive, since it treats the origin and the destination of the trip symmetrically. In general, it is hard to argue why timing at one trip-end should be more important than at the other as implied by Vickrey/Small scheduling preferences.
Using a simplified version of these scheduling preferences, Fosgerau [14] finds an expression for the value of travel time variability that does not depend on the shape of the travel time distribution. The related measure of travel time variability is the variance of travel time. This applies equally to travellers who can freely choose departure time and to travellers who use a scheduled service with fixed headway. Depending on parameters, travellers may be risk averse or risk seeking and the value of travel time may increase or decrease in the mean travel time.
This model has some advantages over the Fosgerau & Karlstrom model. First, the value of TTV does not depend on the shape of the travel time distribution. Second, the result applies equally to scheduled services. Third, the variance of travel time is additive over links in a network, provided travel times on links are independent. 13 Ultimately, the choice between formulations of scheduling preferences and the associated measures and value of travel time variability should not be based on convenience but on conformity with observable behaviour.
Randomness is a lack of information. And so information provision is a natural policy measure in the context of TTV. Consider a situation in which travel time is variable from day to day but perfect information about tomorrow"s conditions is provided to travellers. Then every day they can choose the optimal departure time and the GTC in the Fosgerau-Karlstrom model reduces to
which omits the term relating to TTV.
The information does not have to be perfect in order to reduce the GTC. In general, it can be just some signal that contains some information about tomorrow"s travel time, i.e. it must have some dependence with tomorrow"s travel time. 14 This reduces the risk that travellers face. The value of this information may be assessed with the same models that are used to assess the cost associated with random travel time variability.
In using these results, it is important to keep in mind that no consideration has been given to equilibrium. The departure time choice of a single traveller is considered, taking the choices of all other travellers as given. The random distribution of travel time affects each traveller"s choice of departure time. But there is also a causal relationship in the other direction whereby the combined departure time choices of travellers affect the distribution of travel time [3] .
MEASURING AND MODELLING SUPPLY
The basis for efficient congestion pricing is the marginal external cost of congestion. It involves, essentially, the VTT and the supply relationship. So it is clearly crucial for the design of congestion pricing schemes to have an adequate understanding of the supply-side. The description of supply relationships for road travel has traditionally been considered the domain of engineering or physics and economics has tended to ignore the complexities involved. This might have been reasonable in times when the main issues where to do with the design and capacity of road networks. When it comes to the design of road pricing schemes it becomes necessary to have a deeper understanding of the supply side. In particular, it is essential to be able to estimate the effect on travel times of changing demand. Perhaps economics should get involved in this. Small & Verhoef [30] discuss congestion from this point of view.
In economic models, supply is generally taken as given in the form of a supply curve for a road or a simple network. In the case of the bottleneck model, it is simply the bottleneck capacity, which is a single number. In reality, congestion is a hugely complicated phenomenon. Research into the relationship between travel demand and travel time has been active for at least 75 years and we shall make no pretence of being able to summarise the state of the field. It is however important to point out some of the issues involved. There are still very many open questions that appear when we ask what is the consequence for mean travel time and variability of adding an extra traveller.
There are many causes and corresponding types of congestion. There is flow congestion which arises as traffic slows down due to increased density, independently of upstream or downstream links. Flow congestion is related to the microdynamics of traffic; it may arise due to small random fluctuations in flow and may be involved in the phenomenon of hypercongestion. The importance of flow congestion is however debated with some arguing that congestion is more likely to be related to bottlenecks such as intersections and merge lanes and to accidents that create temporary bottlenecks. Congestion involves spill-backs such that delays on a link may be due to upstream delays. A particularly clear instance of spillbacks is when a queue behind a bottleneck blocks upstream intersections for crossing traffic. Delay for the crossing traffic is then unrelated to that demand.
Consider now that the objective often is to price urban networks comprising thousands of links and nodes and even more combinations of origins and destinations. It is clearly a daunting task to try to describe such systems in detail. Here rescue may come from the existence of urban-scale volume-delay relationships [17] , that allow the complexities of the network to be compressed into a single expression.
It is not in general sufficient to consider only the mean travel time, when travel time variability accounts for a significant share of GTC. It is necessary to be able also to predict the impact of TTV of changes in demand. In general there is no simple relationship whereby TTV can be expressed as a function of mean travel time. This is evident in Figure 4 where the standard deviation of travel time is rising at times when the mean travel time is decreasing.
The example of the loop in Figure 4 also indicates the dynamic nature of congestion whereby even a small event at one time and place may have significant effects later and elsewhere in the system. Such dynamic phenomena also create problems for the empirical measurement of speed-flow relationships. The fundamental diagram of traffic flow incorporates a relationship between speed and traffic flow on a road link, depicted as a backward bending curve as shown in Figure 6 . It depicts a situation with three regimes. First, a free flow regime in which speed is about constant with flows ranging from zero to some point. Second, a congested regime in which higher flows are associated with lower speeds. Third, a hypercongested regime in which speeds are lower than in the other regimes at the same flow levels and where higher flows are associated with higher speeds.
Consider a scatter of observations from a speed-flow curve. Consider a regression of speed against flow. If there are many observations from the hypercongested regime, then it can happen that an increasing mean relationship seems to be present. This would imply the perverse prediction that increasing flow would lead to an increase in speed. The problem is that there is causality in two directions. The causal effect of interest is the effect of flow on speed. There is however also a causal effect in the opposite direction whereby low speed creates a blockage which causes flow to be low. The problem of reverse causality is a classical econometric problem and a range of econometric techniques exist to tackle it. In the present context it is important to realise that the measurement and modelling of supply should be taken seriously and requires sophisticated methodology.
SECOND-BEST ISSUES
The key idea of congestion pricing is that it reduces waste by alleviating the misalignment of private and social costs of travel that is caused by the congestion externality. The previous sections have pointed out how hard it is to establish the magnitude of this misalignment, making abstraction of the broader context in which pricing might be introduced and assuming that sophisticated instruments for charging are available. Second-best analysis asks the broad question of how the basic analysis is modified when these simplifications are abandoned. The literature on the subject is vast and we make no attempt at providing an overview, referring the interested reader to a concise discussion in Small and Verhoef [30, pp. 137-147] . Instead, we limit ourselves to discussing some examples of second-best reasoning, and draw conclusions on how second-best analysis can help improve the practical implementation of congestion charging systems. Section 6.1 investigates the consequences of the fact that practical systems are approximations to the ideal charging system, and section 6.2 asks what are the consequences of the fact that congestion chargingeven if potentially ideal is implemented in an imperfect economy. Section 6.3 presents some guidelines for practical analysis.
Imperfect implementation
If the second-best issues discussed below in section 6.2 are ignored, then an ideal congestion charging system is one that charges the marginal external congestion cost at each time and place in the road network. A glance at existing and planned systems shows this ideal is not reached: charges are levied on only a very limited number of network segments and those charges differ from the marginal external cost. If the first-best welfare gain from congestion charging is taken as a benchmark (which on the basis of the arguments of section 6.2 may be a disputable choice), this means lower welfare gains but not necessarily negative gains: congestion charging is still likely to be worthwhile, although the risk of counterproductive systems does exist and the loss of efficiency compared to ideal systems can be large.
The problem of which links to charge and what tolls to set when only some links in a network can be charged has a conceptual solution that is difficult to translate into a practicable one (e.g. Verhoef [34] ). Simulations using detailed network models suggest that reasonably performant pricing schemes can be designed even with a small number of tolled links or cordons, e.g. by choosing high volume and high-speed links with poor substitutes [27] . While this is in line with common sense, no links may fit the bill perfectly, so that choices can be hard in practice. Furthermore, the question of how much to charge remains unresolved. Also, when the choice is where to place a cordon instead of what link to charge, deciding where to place one or more cordons and what charge to levy appears to be particularly challenging, with the results from simulation work sometimes differing from common sense judgment [32] .
In sum it seems reasonable to conclude that imperfect implementation is unavoidable but that nevertheless good results can be obtained. However, systematic assessments of where and how much to charge can improve considerably on common sense judgment or at least help avoid big mistakes. Detailed analysis using traffic models is likely to have considerable payoffs.
Distortions in the wider economy
The first-best analysis focuses on the congestion externality in transport. It implicitly assumes that there are no distortions (deviations from efficiency) in the rest of the economy, or at least none that should be taken into account when thinking about charging the external cost of congestion. In reality, the economy is rife with distortions that potentially do matter.
One example, which has attracted considerable research attention because of its quantitative importance, is that labour income is taxed. A tax on labour income is a distortion because it reduces the supply of labour, resulting in a less than efficient level of employment. How might this distortion affect prescriptions for a congestion charge?
Consider the simplest possible case where all road users are commuters and all commuters are road users: In order to work, it is necessary to commute. Say that the marginal external congestion cost per roundtrip (or, equivalently, per workday) is $20, whereas the tax on labour income per workday is $50. In this situation the labour tax and the congestion charge have the same effect since they both affect the same choice margin, whether to work or not. Since the labour tax more than covers external costs, no congestion charge is justified based on the argument of untaxed externalities. This polar case highlights the importance of interactions with other distortions.
Next, consider the same proportionality between labour supply and travel volumes, but introduce a second transport mode, "transit". Assume that this mode is free of congestion and other external effects, and it is priced at marginal cost. A congestion charge for car commuting now is potentially useful, as it helps attain the socially desirable modal split. In fact, setting the congestion charge equal to the marginal external congestion cost guarantees that commuters face the marginal social cost of each mode, so the optimal modal split will result. At least, this is the case when the revenues from the charge are used to reduce labour tax revenues by the same amount, through a modification of the labour tax rate. For if revenues were used differently, the effective labour taxand with it the labour market distortionwould increase. This example shows that revenue use is of crucial importance in evaluating the effects of congestion charging.
These examples are extreme: in reality there is no strict proportionality between labour supply and commuting, the labour market is not perfectly competitive, not all transport users are commuters, and commuters are a heterogeneous group. In general this means that the strong results of the examples will play out weaker in reality. Some more specific insights are as follows:
De Borger [11] investigates the consequences of replacing the assumption of a competitive labour market by one where unions and employers bargain about wage levels. This arguably is a closer approximation of prevailing labour market conditions in some countries or some segments of the labour market, and it is seen to matter for the impact of the interaction of labour market distortions and the congestion externality. As long as congestion tolls are not differentiated between those who are and are not working, it makes sense to raise the toll above marginal external congestion costs as this shifts part of the tax burden to nonworkers. Given the large distortion from labour taxes at the margin, such a shift is efficiencyimproving. However, when differentiation of tolls between workers and non-workers is feasible, the toll for workers is best set below marginal external congestion costs and that for non-workers exceeds it.
The importance of distinguishing between work and non-work trips is also highlighted by Van Dender [33] , who extends the Parry and Bento [20] analysis by considering two trip types that are strict complements to labour supply and to leisure respectively, and by assuming that transit and cars share a congested road. One result is that introducing a congestion toll can make sense even if the labour tax does not change, on the condition that the toll can be differentiated between both trip types. But if no differentiation is possible and the labour tax cannot be changed, then the scope for efficiency-improving tolls is quite limited (in a model where no possibilities for welfare-improving revenue use exists apart from reducing labour taxes). These analyses suggest that differentiation of congestion charges can be very useful not only because road users differ (as highlighted in previous sections), but because of efficiency costs of distortionary taxation. In particular, it makes sense to charge less for commuting trips.
Introducing heterogeneity into the analysis forces us to abandon a strict focus on efficiency. If individuals differ, we need to be explicit on how we care about the distribution of welfare among them. In second-best, the strict separation between efficiency and equity cannot be maintained because there are no lump-sum taxes suitable for supporting that separation. This tells us that the equity impacts of congestion charges and the use of revenues need to be considered.
However, one should not forget that the labour income tax is there for more than one reason; a notable motivation is a desire for redistribution. Kaplow [22] argues this point of view and suggests that cost-benefit tests should not be corrected with the marginal cost of funds. In the context of road pricing, Kaplow might similarly argue that income taxation should not be counted as distortionary.
There are several important market imperfections other than labour income taxes that interact with congestion charges. First, search unemployment occurs because it takes time for separated workers to match with new employment. The duration of search depends on the number of job openings within reach of the unemployed which in turn is affected by transport costs. Thus increasing transport costs can lead to increased duration of unemployment spells and a lower employment rate. This effect is likely to be significant [26] . Agglomeration effects constitute another relevant externality to take into account when thinking about congestion charges. There is substantial evidence that production in cities is subject to agglomeration economies, i.e. economies of scale that are external to firms. This is relevant to the analysis of congestion, as workers contributing to and suffering from congestion also contribute to the positive externality of agglomeration. If all workers contribute equally to congestion and agglomeration, this suggests congestion tolls should be reduced by the value of the agglomeration externality unless a separate instrument is available to stimulate agglomeration. But if workers differ in their values of time and their effects on agglomeration (as is the case according to Graham , 200x) , tolls should differ among workers [19] . Of course, agglomeration effects are far more complex than suggested in these simple models and our understanding of them is limited [18] . In addition, policies to improve the benefits from agglomeration can be separate from congestion management policies. Nevertheless, the warning that congestion should not considered in isolation from the productivity of a city"s economy is valid.
Implication for implementation
One response to the reality that several potentially important market imperfections interact with the congestion externality is to construct a model that encompasses the main imperfections (as judged by who builds the model) and derive a rule for the assessment of charges in this context. For example, Calthrop et al. [8] propose a rule for transport infrastructure investments, which could be modified for transport pricing, which includes many of the interactions discussed above. Their framework emphasizes the role of distortions, which comes at the cost of a strongly simplified representation of the transport markets. Fosgerau and Pilegaard [16] take the opposite route, showing how some general equilibrium interactions related to tax distortions can be integrated into cost-benefit analyses based on traffic models. This has the advantage of allowing a detailed model of the transport market (relying on traffic models that are often used in the practice of transport project appraisal), but the range of general equilibrium interactions is more narrow.
The use of such sophisticated rules is sometimes thought to be superior to the simple first-best rule on the grounds that the latter is easily shown to imply large mistakes in some cases, i.e. it is not a very good approximation. However, given our imperfect understanding of the broader context in a conceptual sense and even more in an empirical sense, it is not obvious that the approximation of the sophisticated rule is necessarily better. The fact that analyses of theoretical rules are typically illustrated by highly stylized numerical illustrations suggests that not too much faith should be put in the practical relevance of the numbers, but rather that they should be considered as rough indications of orders of magnitude associated with the mechanisms contained in the theory. This view is similar to the one expressed by Böhringer et al. [7] , who discuss second-best analysis of climate change policies:
"The above results should be treated with caution. The numbers are neither accurate nor precise. They are ballpark estimates. What really matters are the insights. Climate policy need not cost a lot, but imperfect implementation implies excess costs. The excess costs are substantial relative to the costs of the first-best policy."
In addition, even the most comprehensive models on general equilibrium interactions are (by definition) highly stylized representations of reality. They highlight distortions thought to be of particular importance (with judgment ideally based on evidence) while ignoring others, and they miss features that matter in the applied analysis of proposals for congestion charging. For example, few models contain a sufficiently detailed representation of the capacity and usage of multimodal transport systems that would allow a comparison of revenue use to reduce labour taxes or to improve the supply of public transport. Clearly, such comparison would be relevant to the design of charging proposals. Parry and Small [25] present a detailed analysis of rationales for subsidizing public transport. They do not focus on the interaction with broader distortions, but do suggest that their impact on the optimal subsidy is limited.
Our view, then, is that the models generate insights that ought to be part of debates on the implementation of congestion charging. Applications of simple models can help clarify the importance of second-best concerns, but we should not expect a full-fledged general equilibrium analysis to be carried out.
CONCLUSION
Unregulated congestion entails an efficiency loss and a corresponding possibility for obtaining a welfare gain. This gain can be achieved through road pricing, decentralising the decision about who should travel when and where. In the first step of analysis, the toll should equal the value of the delay that a marginal car imposes on other travellers. The size of the total delay associated with the marginal car is determined from traffic models, ranging from simple supply curves to complex traffic models. The transformation to monetary value accomplished through the value of travel time (VTT), which can be measured in various ways.
Congestion arises because people tend to travel at the same times. With an even distribution of traffic over time, there would be no congestion. As the example of the bottleneck model shows, there are potentially large benefits that can be achieved if the trip timing aspect of demand is taken into account by varying tolls over peaks, inducing travellers to distribute departure times more evenly.
The simplifications involved in the textbook analysis of congestion pricing allow the central insights to be easily communicated. There are however a number of complications that must be taken into account when this theory is taken to practice. First, people are different. The stylised facts state that many people have low VTT but some have very large VTT. The mean VTT is larger than the median. There is much variation between people but also between seemingly identical individuals and even within the same individual in different contexts. Recognition of this heterogeneity will tend to lead to higher suggested tolls and will tend to reveal larger benefits from price differentiation between roads.
Travel times are inherently random. As congestion increases, travel times become not only longer but also increasingly variable and unpredictable. This travel time variability contributes significantly to travel costs. Taking travel time variability into account will generally lead to higher suggested tolls. Theory exists whereby the value of travel time variability can be expressed in terms of the standard deviation or the variance of travel time in a simple and readily applicable way.
Traffic systems are hugely complicated and the complexities of measuring and modelling supply should not be underestimated. It is difficult to establish the size of the delay associated with a marginal vehicle and even more difficult to establish the consequences for travel time variability. The simple descriptions of the supply side often employed in economic papers are not adequate for real world assessment of road pricing systems.
Constraints on charging instruments lead practical systems to fall short of ideal (in a firstbest or second-best sense) congestion charging, and this implies lower benefits than would be obtained in that ideal. Charging can of course still produce net benefits (after subtraction of investment and operational costs). Careful assessment of charging systems becomes crucial however, because of the multitude of design options available and the large differences among them in terms of benefits produced. Such assessment should tackle the second-best aspects explicitly, and not evaluate a system as if it were first-best. Changes in travel speeds are not a sufficient indicator of the benefits of charging.
Congestion charging should not be considered in isolation, as there are economic interactions that have large potential effects on the benefits of charging. As indicated, we are sceptical about the possibility of capturing these interactions in one elaborate model, but do think it valuable to discuss explicitly how any charging system might interact with other taxes and other externalities, with the aid of models and data, however sketchy and imperfect they are.
Tolling may be suggested as part of a policy package that also specifies how revenues are to be used. However, such earmarking of revenues runs the risk of being wasteful. The justifiability of a package that combines tolling with earmarking depends on the way revenues are to be used. An otherwise justifiable tolling scheme may become unjustifiable in combination with a use of revenues that is unjustifiable. It is therefore helpful to evaluate the parts of such policy packages in isolation in order to make clear the merits of each component.
One specific recommendation that emerges is that charges for commuting should be lower than for non-commuting. Since a trip purpose cannot be observed at the time charges are levied, a correction through the income tax system could be envisaged.
The second-best analysis suggests that in many cases the best tolls are lower than the marginal external cost of congestion because tolls match external costs imperfectly and they exacerbate pre-existing distortions. These, however, are partial results, depending to some extent on the interactions considered. If, for example, congestion tolls could be designed to fall mainly on non-or lower-taxed activities ("leisure") and the revenues would be used to reduce highly distortionary taxes, then this would be an argument for raising them above the marginal external cost of congestion. What matters hence is to figure out what activities would be affected by the introduction of a charge.
In summary, it seems reasonable to use the basic analysis of congestion charging as a first approximation when considering its implementation, but to check whether important interactions with other market imperfections can be expected and revise the analysis when there are concerns about large indirect effects. Roy (2008) goes a step further, arguing for reliance on the simple rule and focus on removing second-best obstacles rather than taking them as given. We are less optimistic about the possibility of removing at least some of the obstacles. Nevertheless, our view and Roy"s are not mutually exclusive if charging mechanisms are seen as malleable through time.
